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Concept: When particles are of equal physical property, they can be grouped together as
larger parcels. Multiple particle types can be managed as separate parcel distributions.

o 3 Direct Numerical Simulation: fine scale,
. . ¢ ‘ ‘ I ‘ accurate simulations for limited size domain

‘e &
. ‘ . p, Discrete Element Method: Track
. ‘ ‘ ‘ ‘ . D E M individual particles and resolve collisions
XS

E Two-Fluid Model: Gas and solids form
s T F M an interpenetrating continuum
Particle-in-Cell : Track parcels of
IP I C particles and approximate collisions
" Exascale: New code for new
' Exa generation of computers

Instead of managing each particle with Newtonian physics,
parcel motion is influenced by a collisional stress model.

Time to Solution

N
%=B(T—7)—i|7p Vip|+ g ROM

t g p p p p p p Reduced Order Models: Simplified

models with limited application
P E'y Model Uncertainty
p

T — p . . .

p A reduced computational load allows the simulations to proceed

very rapidly. Lagrange tracking of parcels results in excellent visual
graphics of statistically weighted particle motion.

Solids stress
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Representative Problems for the Calibration Study
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- Cases selected to cover a broad range of flow
conditions
» Particle Settling: U/Uys < 1.0 (P, ~ 1) (Simulation campaign)
» Bubbling Fluidized bed: U/U~ 1 (P, ~ 10)
« Circulating Fluidized bed: U/U.; >> 1.0 (P, ~ 100)

d

Parcel momentum equation

—

1 1
P -
— =80, - V) ——Vp ———V1, +
dt g 'p Pp p EpPp pTI

P()Sg

max (scp — &, 6(1 — sp))

Tp =

« Summary of model parameters used:
1000
Pressure Volume fraction Statistical Volume fraction Solid slip velocity 100 i
linear scale exponential weight at maximum factor 3 E
factor scale factor packing i 0
C1: Particle Settling [1,20] [2,5] [3,20] [0.35,0.5] [0.5,1.0] o
1
C2: Fluidization [1,100] [2,5] [10,100] [0.4,0.5] [0.85,0.98] 0.1
0.01 [ " auaul al aaaul FRRTIT S Al
C3: Circulating [1'250] [2'5] [4] [0_4'0.5] [0.85,0.98] 0.01 0.1 1 10 100 1000
Fluidized Bed U/U,¢

*Parameters selected based on prior sensitivity study

P U.S. DEPARTMENT OF

Hypothetical flow regime map
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Problem setup
Control variable: Initial solids concentration . .
Range: [0.05,0.25] & = & =
x1:
Initial solids concentration i i
C1: Particle Settling [0.05,0.25] & = &g £ = £
s A
Ie _ . l
Response variable: Location of filling shock (y2) )
CFD results are compared with analytical solutions t=0 t>0
Control variables: CFD (PIC parameters)
t1 or (6.): 12 or (6.): i3 or (6:): t4 or (0.): t5 or (05): Analytical Solution:
Pressure Vol. fraction Statistical Vol. fraction Solid slip .
linear scale | exponential weight at maximum | velocity factor Location of ) = —t EsEgUy — E50€goUr0
factor scale factor packing shock = £ — &5
Cl: I'Dor’ric:le [0.48* , 20] [2,5] [2.96*, 20] [0.35%*, 0.5] [0.5, 1.0] 5
Settling Rel. velocity 1, — ghrdy g365
T
* Initial targeted lower bound might be slightly different than actual samples generated as part of Latin Hypercube (Stokes’ drag) 18u, !
sampling
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« Maximize agreement between Two opproqghgs: —
» Deterministic Calibration:

simulation and experimen’r ’rorge’r by Framed as minimization problem that seeks
improving the characterization of one or more sets of parameter values that

model parameters, 6, (e.g., Py, B) reduce the error between simulation (s;(6))
USiﬂg available data. and datay, typically in a norm:

n

min £(6) = SSE®) = Y'[(5,(0) -y, = > [, O)F

simulation output s(t; 6) i1

g ¢ 2 ot . Available in UQ software: DAKOTA (SNL),
matches target... 8 PSUADE (LLNL), OpenTURNS (Airbus+ONERA),
time Nodeworks (NETL) with some modifications

* Also known as parameter estimation « Statistical calibration (Bayesian):

/identification, inverse problem « Instead of standalone parameter values, it
modeling seeks a stafistical characterization of
parameters most consistent with the data.
« Calibration # validation . Available in UQ Software: PSUADE (LLNL),

Source: DAKOTA Software Training: Model Calibration (SAND2015-6813PE) DAKOTA (SNL)' OT, GPM/SA & SEPIA (LANL)

Fay U5 DEPARTMERIRE _
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Utilize the constructed surrogate model and the set of analytical solutions
(used in lieu of experiments) to perform the deterministic calibration.

Deterministic calibration problem can be reframed as a minimization
problem, i. e.,

find a set of theta values that minimizes the residuals for all experiment

data points o

min /(&) = SSE(6) = i[(si @)~y 1 =2 [rO)

] i=1
Surrogate model evaluation for any ——J
given 0; 05 values

Utilized PSUADE and DAKOTA UQ toolkits to perform the optimization.

Recently implemented the workflow in Nodeworks




Deterministic Calibration Procedure

(1) Identify which
model parameters to

lower and upper
bound values.

be calibrated with the |——

(2) Compile the tabular
format dataset from
observations or
experiments, which will
be used to guide the
calibration.

(3) Design and execute
simulation campaign based
on statistical design of
experiments.

'

(4) Post-process
simulation campaign
results and compile the
tabulated input file
containing samples and
Qols from simulations.

U.S. DEPARTMENT OF

(5) Construct an adequate
surrogate model.
Perform the optimization for
minimization of residuals to
determine the calibrated
parameter settings.

(6) Verify the proposed
calibrated model parameter
settings by performing
samples of simulations and
compare the discrepancy
with respect to observations
with the new settings.
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Multiple step workflow followed for
deterministic calibration procedure
Design of the simulation campaign
in Step (3) was carried out with
Nodeworks, simulations were
performed with MFiX-PIC on Joule
2.0

Step (5) was performed with
PSUADE, DAKOTA and Nodeworks by
providing the same tabulated file
that contains simulation campaign
input and responses.




C1: Particle Settling Simulation Campaigns N=|NArioNaL
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Construct Surrogate Model from Simulation Campaign (120 samples) LABORATORY
[ mn T oa4ss | 2.000 [ 2964 | o035 [ o501 | o050 |
[ max | 20.000 | 5.000 [ 20008 | 0500 [ 1000 | 0250 | o ° ° X
B L/ %0 Scatter matrix plot of the
Uncertain Input Parameters/Factors: © & -o‘. .:t simulation campaign
© | mFIx-PIC [ o | e [ x ] ® 4 &P & o . p g
2 | smuiaton Stat. | Vo Fracton| Soid sip | Il soids 8 35 §e%e2 0 e 3 samples, which is used to
T | Number ht_Jat max velocily factor]concentration| 9’ 33 » I; ’
1 1388 0478 0707 0243 25 ‘ B0 % construct a surrogate model.
o - Tet e 5 _e oS (4 Only the 5 model parameters
— s ] — o are shown.
s re e o 5 20 RMRD, ‘."-:;,’ ;
14.690 372 856 136 1 5_.0w 9. ' 28
e e I i S AN, S
18.5% 489 636 089 3§ 10 “t *" ® Y, ~..
15.467 480 611 .074 (%) 10 Jee% e £o , ... e
o S 5 NpPadNew B
16.688 470 732 32 . bl I oo d
e e e bt | senions | ikeas
: PSS SIS oo plaven | fAEN A3/
21 17454 433 579 095 2 Q"’ * o% 81 N’ ¢
22 15.328 .359 862 .244 b B (34 ®» & [ .. ()
23 13.349 429 728 239 < 04-8 LW ﬁ ) o & % S
24 6.4%0 360 655 084 T .‘*}\%. o\\.¢; "g’.‘.. :
. B 034 — e | PN w Te T
28 5618 457 .798 .053 o 0.‘. ° 00,0 o & % ® ® e ® L’
: e e 3 oo WRL¥OA aXdar MA¥OM SNt
- R g 08 suguind NSRRI e 3T vy
: i | L s 0 SRV ANARE haxe Lk
35 4.181 444 .75° 1152 o) .0
- e e e 5 oo Nl SR Hanlant TNl
38 7.583 .382 .737 .212 ] [T ] [ ] [ L L L LI L e [ I I
i 0| 0450 | oser | odes 0 51015 2 3 4 5 10 15  0.340.4 0.46
4 = ::; 20 202 t1:P_0 t2:beta t3:StatWeight t4:ep_g*
(a) Design of experiments matrix (first 42 out of 120 samples shown) (b) Scatter matrix plot of the simulation campaign input dataset

Optimal Latin Hypercube Sampling based Simulation Campaign
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Available Analytical Solution Used for Deterministic Calibration

Illustration of different analytical solution based samples used for the calibration

0.1

To guide the calibration

process, analytical oo
solution was used in lieu
of actual experiments. 008

0.07

Three different scenarios
are employed by
computing the analytical
solution for 0.05 <x1 <0.25
range with different
number of samples :

« 21 samples
* 11 samples

« S5samples

=
o
&

o
&

y2:Location of Filling Shock

°
g

0.01

x1:Initial Concentration

® Exp_n21 ® Exp_nll © Exp_n5
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Construct Surrogate Model from Simulation Campaign (120 samples)

Quantity of
Interest

Scatterplot Matrix
15 aSEhle"

Pl
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8 45
§ :EES%'*.;"." 120 sample-based simulation
2 G campaign results.
) 1R PR
5 15,..\;'332‘.- W
% 10—{,"‘0’.". < ..?-.,
g s "\';';-“:."". 5’3‘0 '1; o.
S e S
é‘ 0.42—.23.}..;; :;l, 3y .:',’4;.::
0 ivas ANEE WENA
v N e
R s AR AT Y
Do SRR 2RO N I:A..'%
o 025 mateleg sy |22 Roap | ST P A% | N Ry Y ]
§ o2 TRE SR ";ﬁg; Yoy
o1 —55';?{1. ‘1»\',’3(‘ s"rg 4{ ".4.,6 &i"é
* 0.05—"':}\ 3 '%\".\'. AR | TV | WG
> oo o o e oo |oo o
£ 0.7:_‘- i ol w | . o -l o
Do (R E YIRS TS SRR sl
5 s Ky ".'i.' R SR = =
£ 01 ot 0o ®® 0®0q o & .o . .o o0 g’ 3
g e N a0 ok B R
§~ el '..o‘ ‘.\.\“o. LA Q’o’ Pt an) 0&5 o s % e
0.02
T 05 30008000 | Sene X 3K o . e |
R EE SRR
RN YE T B BT
S> 092_2: L et ‘.ﬁ.. RO ...I k O AR Sl
- 051015 2 3 4 51015 034042 05 05 07 09 005 015 05 06 07 004 008
Pnapr:msl t1:P_0 t2:beta 3:StatWeight t4:ep_g* 5:VelfacCoeff x1:InitConc Iy1A:LochﬂIing y2A:LocFilling

3D plot of the data-fitted surrogate model

*t1,t2,t3 set at

nominal values
o
<

0.110¢
0.105 S
0.100 §
0.095 &

w
0.090 §

Sensitivity Analysis using Sobol’ Indices

05 B First Order
’ t1: Pressure linear scale factor ~ HEE Second Order
©

t2: Exponential factor

t3: Statistical weight

t4: Void fraction at packing
t5: Solids slip velocity factor

0.4

Sensitivity
o o o
- N w
) ) )

o
o
|

‘..ﬁiﬁ-&ﬁ+;+4+|

2R U o &s‘? 0;&" G.\"‘ 0"0 c,-s‘" 0-.0 0-&‘" o-s?’ 6&"‘ 0&"‘
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lllustration of Nodeworks Implementation Workflow

New node used to import experimental dataset and perform
residual calculations required as part of the optimization (i.e.,

/ minimization of residuals) —
Response Surface A £ v General Optimizer A £ v
¥ matrix/response Residual Function A 4§ v model
b J= model Options | Plot | Parallel plot
‘ Data | Preprocessing = Model = Compare = Error I Plot i ¥ experimental data pict 3D =
Model |gau$ian process = | Variable values.] Plot | 3D s Hroniehic |MSE M ‘
| Import |
model experiment
t1:P0 none
g‘ t2:beta none
% t3:StatWeight none
010 § T [T 0.0001d
0.08 : t5:VelfacCoeff none =
i > xtinitConc  xT:InitConc F-.oo00g |
= 0.06 § response y2:LocFilling :&.00005/ A
I g
J ] oo4 & %.00004
o & 0.00002
2; s (9150.28.“ 0.00000<
“Si ‘ 0.10 xco®
tatwe,bgtz'is_o 0.05 *x.,\o\‘c 0.9
- calibration model q
AE>D PQ=V
Y Axis | x1:InitConc ~ | X Axis | t3:StatWeight - | —
-— 0
= =0.3948, y=0.6828, z=—4.e—05
Modellgausianprocess '|‘ L 6 -) ‘*‘ Q|E“£ = 4 i €
Response matrix| list =™ Y Axis | t5:VelfacCoeff ~ | x avis | t3:Statweight v |
resultq

Minimiz‘?\tionepe_r?‘;;nzd Ey,,the G;neral ZOBti,mize(r) "Sde Optimal set of\parameters identified
for: mgmf( )= ( )—g[(s,( )=l —é[r,( )] that minimize the residual
[9.55, 3.44,9.41, 0.4, 0.69]

For more information on Nodeworks please visit:
https://mfix.netl.doe.gov/products/nodeworks/

U.S. DEPARTMENT OF

{&) ENERGY



https://mfix.netl.doe.gov/products/nodeworks/

oge ° ° ° °
[ ] —
-
C1: Verification Simulation Campaigns (n=119) N=|NaTonaL
am |[ENERGY
e e H l L LABORATORY
Comparison of Histograms for % Rel. Error Before & After Bug Fix
MFIX-PIC Default (before BugFix) Default (after BugFix) V&V Man (before BugFix) V&V Man (after BugFix)
Default 50.00% = 50.00%- — 50.00% - — 50.00%
model < c c c
Settings G 45.00% - ) S 45.00% - o5 45:00%
Parameter % 40.00% - % 40.00% - 9D 40.00% - D 40.00% -
2 35.00% & { 8 35.00% 3 35.00%
(64): = s0.00% = 50.00% '; £ 30.00% 5. 30.00% -
Pressure c 3 c . 2 25.00%- g 25.00%1
linear scale 100 10 < 2006% < 20.00% < 2000% - < 2000%
T 15.00% - [ & = 15.00% - = 15.00%
factor 2 10.00%- 2 10.00% 3 10.00% - ) 3 10.00% s
(62): Vol 5 500% A 5 ]—l T S 5.00%- I o 500%- I
>) - ol. = 0.00% = 0.00% £ 0.00% < I ra =
) = — Mean
fraction 3 0 3 0 L;JI -5.00% -| L;JI Mean -'_L' .<>—. I';)' Mean | ":J' -5.00% - L T
. > o > _ i o -
exponential : 0 b & n00% [ 2 -10.00% 2 1000%
S _15.00% | o 1 © -15.00% - © -15.00%
scale factor & -20.00% & -20.00% - & 20.00% - & -20.00% -
R -25.00% - X 3 -25.00% - X -25.00% |
Thef_c‘?} (0s): -30.00% -30.00% -30.00% -30.00%
StO.T |s;r]|§:ol 5.0 5.0 Quantiles Quantiles Quantiles Quantiles
W) 100.0% maximum 45.45% 100.0% maximum 37.82% 100.0% maximum 10.06% 100.0% maximum 12.16%
. 99.5% 45.45% 99.5% 37.82% 99.5% 10.06% 99.5% 12.16%
Theta4 (64): 97.5% 44.45% 97.5% 35.44% 97.5% 8.51% 97.5% 10.06%
Vol. fraction 90.0% 38.59% 90.0% 26.80% 90.0% 6.98% 90.0% 5.55%
t i 75.0% quartile 29.09% 75.0% quartile -5.42% 75.0% quartile 3.26% 75.0% quartile 1.09%
SR LAl 042 04 50.0% median 19.39% 50.0% median -11.46% 50.0% median -5.10% 50.0% median -3.25%
mum 25.0% quartile 16.34% 25.0% quartile -15.47% 25.0% quartile -12.86% 25.0% quartile -5.72%
pocking 10.0% 13.19% 10.0% -17.50% 10.0% -20.05% 10.0% -8.38%
2.5% 9.08% 2.5% -18.88% 2.5% -26.41% 2.5% -11.75%
Theta5s (e ) 0.5% 5.62% 0.5% -19.95% 0.5% -27.44% 0.5% -12.53%
Solie g Sl 0.0% minimum 5.62% 0.0% minimum -19.95% 0.0% minimum -27.44% 0.0% minimum -12.53%
olia sl o Bt T T
e Tp 1.0 0.5 Summary Statistics Summary Statistics Summary Statistics Summary Statistics
Y Mean 0.2299454 Mean -0.066134 Mean -0.055093 Mean -0.022515
factor Std Dev 0.0950501 Std Dev 0.1449514 Std Dev 0.0954646 Std Dev 0.0522297
Std Err Mean 0.0087132 Std Err Mean 0.0132877 Std Err Mean 0.0087512 Std Err Mean 0.0047879
Upper 95% Mean 0.2471999 Upper 95% Mean  -0.03982 Upper 95% Mean -0.037763 Upper 95% Mean -0.013034
Lower 95% Mean 0.2126908 Lower 95% Mean -0.092447 Lower 95% Mean -0.072423 Lower 95% Mean -0.031996
N 119 N 119 N 119 N 119

/‘:'W‘ .S. DEPARTMENT OF
=

{8} ENERGY




C1: Proposed Calibrated Settings

==INATIONAL
N: ENERGY

Deterministic calibration with additional simulation campaigns

(using 120 samples with different bounds)

Bounds of the parameter space for Model Parameters
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Simulation campaign with New
Bounds [NB] (120 samples)

Phases

Control variables: CFD (PIC parameters)

11 or (0.): 12 or (6,): 13 or (6): t4 or (0.):
C1. Pressure Vol. fraction Statistical Vol. fraction

Particle Settling linear scale | exponential weight at maximum
factor scale factor packing

Original Bounds ~ [0.48, 20] [2,5] [2.96,20]  [0.35,0.5]
[OB]

New Bounds [NB]  [0.48 , 20] [2,5] [2.94,15]  [0.38,0.43]

velocity factor

Uncertain Input Parameters/Factors:
MFIX-PIC [ [ [ X1
Simulation Stat. | Void Fraction | Soid siip Initial sobds
Number at max packing | velocity factor| concentration

1 3954 0.423 0.666 0.243
2 5.744 0410 0.591 .246
3 7.026 386 .709 128
4 12.407 .403 .833 .079.
5 14195 428 764 .098
6 3145 421 .600 106
i 14.554 .384 0.892 173
8 11247 387 .785 136
9 14,961 399 755 .075
10 5616 405 .900 130
11 1370 426 .609 .089
12 11797 423 .589 .074
13 4716 .388 .532 .157
14 9729 399 .865 107
15 12662 420 .685 132
16 8.539 429 560 .061
17 13aa8 | 0380 742 154
18 13.716 .396 0.522 179
19 7213 395 612 137
20 4359 425 569 167
21 13200 408 563 .095
22 1169 | 0383 .806 244
23 10297 406 0.683 .239
24 5.442 .383 .624 .084.
25 5.120 427 716 410
26 8613 416 724 198
27 13888 421 .653 183
28 4824 416 738 .053
29 3.497 .408 0.802 102
30 13624 389 .813 411
a1 6274 389 .780 190
32 12285 428 515 .219
33 14.692 416 .837 1126
34 9.402 389 0.669 170
35 3,807 411 .701 152
36 10,865 428 .854 457
a7 3.100 407 561 174
38 6216 391 .689 212
39 11010 393 0.673 .058
40 11531 413 0.873 144
41 12,020 405 .793 .205
42 5017 417 787 .249
43 5217 398 .628 .231
44 5892 381 721 148
45 13.008 .397 0.619 .082
46 7904 0.396 0.796 0.100
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S Default V&V Manual DK Exp_n21 DK Exp_n21
Parameter Settings Settings [NB] [OB] Column Legend:
QIGIEISES Default Settings: Settings in MFiX-PIC
Thetal (04):
Pressure linear 100 10 2.71 16.1 3.08 4.2 V&V Manual Settings: Settings determined
scale factor by trial-error.
U;elf?réé?izc)) n Proposed calibrated model
eprnen’riol 3.0 3.0 3.74 2,04 3.71 2.1 parameter settings obtained with PSUADE
scale factor using a surrogate model constructed from
the simulation campaign with new bounds
Theta3 (65): and 11 samples of analytical solution to
STOTIS“CG' 5.0 5.0 886 1 0.5] 8.93 8.49 guide calibration
weight
Theta4 (04): Vol. Same as above except 21
fraction at samples of analytical solution employed.
racton ot 0.42 0.4 0.4 0.4 0.4 0.38
packing DK Exp_n21 [NB]: Proposed calibrated
Thetas5 (8s): model parameter settings obtained with
solid slip 1.0 0.5 0.7 0.53 0.69 0.66 DAKOTA using a surrogate model
velocity factor constructed from the simulation campaign
with new bounds and 11 samples of
Avg. % Rel. Err. analytical solution to guide calibration
. DK Exp_n21 [OB]: Same as above except
LDZOLEG R surrogate model constructed from the
simulation campaign with original bounds
Max % Rel. Err. used.

Note: % Rel. Err. Is the % Relative Error calculated b

4 *4% U.S. DEPARTMENT OF
ENERGY

i

Surrogate model evaluation — Analytical Soln.)/ Analytical Soln.




C1: Error Assessment of the Proposed Calibrated Settings

PSUADE with 11 analytical samples

DAKOTA with 21 analytical samples

PSUADE with 21 analytical samples
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DAKOTA with 21 analytical samples

Default (after BugFix) V&V Man (after BugFix) PS Exp_n11 (NB) DK Exp_n21 (NB) PS Exp_n21 (NB) DK Exp_n21 (OB)

— 40.00% — 40.00% — 40.00% —~  40.00% — 40.00% — 40.00%

c Fl c = c | c | c |

S 3500% : S 3500% S 35.00% S 35.00%-| S 35.00%- S 35.00% -

%] P %] 0 o | 3 | o3 ]

= 30.00%- y = 30.00%- S 30.00% | —  30.00%-| = 80.00% | = 80.00% |

S ’ S o g | 8 | 8 |

g 25.00% M g 2500% B 2500% T 25.00% } 2 25.00% } g 25.00% }

E 20.00% E 20.00% g 20.00% - T 20.00% | T 20.00% | T 20.00%
S 15.00% - > 15.00% - . 15.00% - < 15.00% | < 15.00% | < 15.00% |

+ = N + ] P ! + { + |

S 1000% 4 S 10.00% = 10.00% < 10.00% - < 10.00% < 10.00% -

2 3 2 = . 2 3

—  5.00% T =~ 500% = 5.00% T < 5.00% = 500% = 500%

2 o0.00% :| 2 0.00%- 2 000% S 000 T I 9 2 9% - T
£ o £ o = 0.00% S 000% - T £ 0.00% S 0.00% ‘

w —L| w Mean = w i Mean = w ‘ ‘ w  Mean=:

Y Means v -5.00% Y Means v -5.00% ©  Means v -5.00%

E -10.00% E -10.00% 'f_*‘; ~10.00% - = -10.00% E’ +10.00% - E -10.00% 7‘

2 -15.00% - [ & -15.00% & -15.00% 9 L -15.00% O -15.00% Q -15.00%

R -20.00% R -20.00% R -20.00% X -20.00% | X -20.00% X -20.00% |
Quantiles Quantiles Quantiles Quantiles Quantiles Quantiles
100.0% maximum 37.82% 100.0% maximum 12.16% 100.0% maximum 8.28% 100.0% maximum 7.09% 100.0% maximum 9.66% 100.0% maximum 5.23%
99.5% 37.82% 99.5% 12.16% 99.5% 8.28% 99.5% 7.09% 99.5% 9.66% 99.5% 5.23%
97.5% 35.44% 97.5% 10.06% 97.5% 7.50% 97.5% 4.19% 97.5% 7.01% 97.5% 4.25%
90.0% 26.80% 90.0% 5.55% 90.0% 3.24% 90.0% 1.70% 90.0% 2.711% 90.0% 1.79%
75.0% quartile -5.42% 75.0% quartile 1.09% 75.0% quartile -2.28% 75.0% quartile -0.05% 75.0% quartile -1.99% 75.0% quartile -0.64%
50.0% median -11.46% 50.0% median -3.25% 50.0% median -6.86% 50.0% median -2.41% 50.0% median -6.44% 50.0% median -2.62%
25.0% quartile -15.47% 25.0% quartile -5.72% 25.0% quartile -10.57% 25.0% quartile -4.76% 25.0% quartile -10.86% 25.0% quartile -4.711%
10.0% -17.50% 10.0% -8.38% 10.0% -13.15% 10.0% -8.56% 10.0% -14.15% 10.0% -6.00%
2.5% -18.88% 2.5% -11.75% 2.5% -18.16% 2.5% -11.38% 2.5% -16.99% 2.5% -8.33%
0.5% -19.95% 0.5% -12.53% 0.5% -21.711% 0.5% -12.63% 0.5% -18.66% 0.5% -8.81%
0.0% minimum -19.95% 0.0% minimum -12.53% 0.0% minimum -21.711% 0.0% minimum -12.63% 0.0% minimum -18.66% 0.0% minimum -8.81%
Summary Statistics Summary Statistics Summary Statistics Summary Statistics Summary Statistics Summary Statistics
Mean ~0.066134 I Mean ~0.022515 Mean ~0.058976 Mean ~0.026251 Mean ~0.061695 I Mean ~0.02525

01 Std Dev 0.0522297 Std Dev 0.0618634 Std Dev 0.038388 Std Dev 0.0613988

Std Err Mean 0.0132877 Std Err Mean 0.0047879 Std Err Mean 0.005671 Std Err Mean 0.003519 Std Err Mean 0.0056284 Std Err Mean 0.0028233
Upper 95% Mean  -0.03982 Upper 95% Mean -0.013034 Upper 95% Mean -0.047746 Upper 95% Mean -0.019283 Upper 95% Mean -0.050549 Upper 95% Mean  -0.01966

Lower 95% Mean -0.092447
N 119
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Lower 95% Mean -0.031996
N 119

Note: NB: surrogate model constructed

Lower 95% Mean -0.070207
N 119

ifrom a simulation campaign with new boy

Lower 95% Mean  -0.03322
N 119

nds for some of the parameters, OB: sin

Lower 95% Mean -0.072841
N 119

yulation campaign with original bounds

Lower 95% Mean -0.030841
N 119
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Proposed Calibrated Settings Proposed Calibrated Settings (excl. t1=100, t5=1 for Default Settings)
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* MFiX-PIC offers substantial savings in time-to-solution, but the trade-off is accuracy.

* Objective was to employ various calibration technigues to assess the most uncertain model parameters
specific to Parcel-in-Cell methodology and observe how they vary across different flow regimes.

* Adopted a systematic calibration procedure to identify optimal model parameter settings to minimize
the discrepancy between MFiX-PIC and available experimental/analytical dataset. Started with
Deterministic calibration as it is cheaper than Bayesian Calibration.

* Test the performance of calibrated model parameters rigorously. Also assessed the effect of varying
sample size in the experiments (analytical solution).

* Explored different UQ toolkits such as PSUADE and DAKOTA and implemented the deterministic
calibration capability within Nodeworks.

* When compared with the default settings, demonstrated significant accuracy improvement for Particle
Settling case with deterministic calibration
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* Perform deterministic calibration and statistical calibration for all selected cases and compare the
outcomes from both calibration approaches

Case 1: Particle Settling (Preliminary Bayesian Calibration Results)
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* Compare proposed calibrated model parameter settings for different flow regimes and provide best practices

guidance to MFiX-PIC users on how to set PIC specific parameters based targeted application. For example, for 0; :

12 or (6,): 14 or (0.):

Cases / Pr;:sgrre(?ilrz;ar Vol. fraction 13 or (63): Vol. fraction at Soliczssl?r S/eél)c:)cify
Flow Regimes scale factor exponential Statistical weight maximum farc):ior
scale factor packing
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lllustration of Nodeworks Implementation Workflow
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lllustration of Nodeworks Implementation Workflow
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lllustration of Nodeworks Implementation Workflow
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lllustration of Nodeworks Implementation Workflow
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